RESEARCH
M aize (Zea mays L.) is a global cereal crop of multiple uses. In the United States, proprietary maize hybrids produce grain used primarily for animal feed and biofuel. This is in contrast with the historic role of maize as a staple food crop for human consumption. In the 1930s and 1940s, open-pollinated varieties (OPVs) became less prevalent in the United States as breeding strategies shifted from improving farmer varieties to the development of suitable inbreds for double-cross, and subsequently single-cross, hybrids (Duvick, 2005) . Studies have shown the average superiority of newly introduced hybrids over OPVs to be as much as 15 to 20% (Duvick and Cassman, 1999; Pixley, 2006) . In many regions of the world, hybrids have completely supplanted OPVs. Although modern varieties are high yielding, socio-cultural and socioeconomic interests still encourage farmers to use landrace, or improved, OPVs. Cultural and personal taste preferences often call for the use of local varieties in the preparation of traditional foods (Pixley and Bänziger, 2004) . Lack of availability, or the expense of input resources, also contribute to continued use of landraces and improved OPVs (Bellon et al., 2003; Phiri et al., 2003) . In different regions of the world, significant areas of land are still apportioned
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to OPVs (Edgerton, 2009) . The continued cultivation of OPVs provides vital in situ conservation of maize genetic diversity (Soleri and Smith, 1995) .
Heirloom varieties are landraces of maize passed down by generations of farmers, often in a limited region. They are still grown, primarily on small farms, in the border region between the southwestern United States and northern Mexico (Ryu et al., 2013) . In New Mexico, 32% of farms range in size from 1 to 15 ha (USDA, 2012), and traditional OPVs are produced, especially in Hispanic and Native American rural communities, on limited acreage. In this Borderland region, landraces of blue maize are popularly used in various dishes such as atole, posole, pinole, chicos, porridge, tortillas, and tortilla chips (Betrán et al., 2000) . Heirloom landraces of maize have retained cultural significance in Native American communities and important meaning may be associated with kernel color for socio-cultural reasons (Wall and Masayesva, 2004; Adams et al., 2006; Werth, 2007) . Phenotypic variation for kernel color has been used by farmers to distinguish between, and maintain diversity within, landraces that are preferred for specific traditional uses (Gibson, 2009; Jaradat, 2013) . The cultivation of landraces in traditional southwestern farming systems is now practiced primarily by elders, and these traditional systems are in jeopardy of further decline (Nabhan, 2008) .
It has been stated that modern interest in blue maize can often be traced to the southwestern United States (Dickerson, 1990; Betrán et al., 2000) . Regrettably, the surviving landraces of Borderland maize germplasm have been understudied and underutilized by the plant genetic resources community. In addition to their dietary significance, these landraces may provide a rich source of genetic diversity for utilization in modern breeding programs seeking to develop specialty products (Keleman and Hellin, 2009; Warburton et al., 2008) , or for gene discovery using modern techniques including "allele mining" (Bhullar et al., 2009; Jaradat, 2013; Sood et al., 2014) . Southwestern maize germplasm may provide alleles for kernel compositional traits of benefit for human health and nutrition (Dickerson, 1991; Kang et al., 2013) and for adaptation to abiotic stresses such as heat, drought, and salinity (Day et al., 1972) . A dehydration-responsive element-binding protein (dehyd1A) was recently identified as the top population branch statistics outlier in an archeological maize sample from Tularosa Cave, New Mexico dating to 750 yr before present (da Fonseca et al., 2015) . This protein has been shown to be upregulated as much as 50-fold in maize roots under drought conditions (Liu et al., 2013) . Several New Mexico blue maize varieties displayed elevated concentrations of protein, zinc, iron and flavonoids, particularly anthocyanin, and lysine when compared to commercial yellow dent corn varieties (Dickerson, 1991; Betrán et al., 2000; Ford, 1999) .
The objectives of our study were to evaluate the agronomic performance and kernel biochemical composition of a representative sample of blue and purple maize landraces of the US Southwest. Our hypotheses were that grain yields of unselected landraces would be lower than those a selected southwestern OPV ('Los Lunas High') and a Corn Belt Dent OPV ('Ohio Blue'), and that kernel compositional trait values would not differ from those of the selected open-pollinated populations. We also wished to characterize agronomic traits so that their variation and potential for broader utilization could be determined.
MATERIALS AND METHODS

Landrace Accessions
We selected six landrace accessions representative of diverse geographic areas and cultural associations in Arizona and New Mexico. The origin of these accessions is spread across the Colorado Plateau ('Hopi Blue' and 'Navajo Blue'), the southern Rocky Mountains ('Flor del Rio', 'Santa Clara Blue', and 'Taos Blue') and the Southern Range and Basin ('Yoeme Blue'). Taos Blue (NS/S ZM03-015), Yoeme Blue (NS/S ZM01-011), Hopi Blue (NS/S ZM02-147) and Flor del Rio (NS/S ZP-093 Popcorn) were generously provided by Native Seeds/SEARCH (NS/S), Tucson, AZ. Navajo Blue was purchased from Plants of the Southwest, Santa Fe, NM. We compared these accessions with selected OPVs 'Los Lunas High' and 'Ohio Blue'. Los Lunas High was developed through mass-selection at the Agricultural Science Center, Los Lunas, NM (G. Dickerson, New Mexico State Univ., 2011) from the Santa Clara Blue accession. Ohio Blue was obtained from Ohio State University, where it was developed from a cross between 'Ned's Blue' and 'Blue Clarage' at the Ohio Agricultural Research and Development Center, Wooster, OH. Most of these accessions have blue pigmented kernels and floury endosperm with the following exceptions: the Ohio Blue kernel phenotype is dent, and Flor del Rio appears to be an admixture consisting primarily of small flint with some popcorn kernel types. Flor del Rio contains primarily reddish purple kernels, but also a variety of additional kernel colors, i.e., red, red-striped, blue and white (Fig. 1) . Fig. 1 . Diversity of Flor del Rio kernels at Alcalde, NM. stored in amber colored bottles at room temperature. All anthocyanin extracts were stored in a freezer.
Nineteen kernel biochemical compositional traits were analyzed at the Experiment Station Chemical Laboratory, University of Missouri, Columbia, MO from samples produced at all four study locations in 2013. Oil, protein, starch, total fatty acids, crude fiber, ash, anthocyanin content, and twelve amino acids: alanine, cysteine, methionine, lysine, aspartic acid, glutamic acid, glycine, proline, threonine, valine, isoleucine, and leucine were measured. Oil and protein contents were determined using Association of Official Analytical Chemists, International (AOAC) methods 920.39 (A) and 990.03. Starch content was analyzed using approved American Association of Cereal Chemists base method 76-13. Total fatty acids were analyzed by AOAC official methods 996.06 and Ca 5b-71. Crude fiber and ash were analyzed using American Oil Chemists Society (AOCS) approved procedure Ba 6a-05 of AOAC official method 978.10 and AOAC official method 942.05, respectively. Anthocyanins were analyzed according to the method of Li et al. (2011) . Amino acids were measured using AOAC method 994.12.
Statistical Analysis
Analyses of variance for grain yield, number of kernel rows per ear, kernels per row, and 100-kernel weight were determined for each location separately as well as for all locations combined. Analysis of variance was performed with PROC GLM in SAS v.9.3 (SAS Institute, 2002) . Landrace accessions were considered as fixed effects, and locations, years and the interaction between locations and years were considered as random effects; interactions between accession and location were also tested. Means were compared by least significant difference (LSD) using Fisher's mean separation test.
To provide a fuller examination of the germplasm, multivariate analysis was conducted separately for a group of morphological and developmental traits of agronomic interest, and a group of kernel compositional traits, using principal components analysis (PCA) procedures of MetaboAnalyst 3.0 (Xia et al., 2015) . The agronomic traits group included nine preand post-harvest traits. The pre-harvest traits were: ear height, plant height, number of ears per plant, anthesis to silking interval (ASI), days to 50% anthesis (DTA) and days to 50% silking (DTS). Post-harvest traits included: number of kernel rows per ear, number of kernels per row and 100-kernel weight. Ten kernel compositional traits examined were: cysteine, methionine, lysine, total fatty acids, protein, oil, crude fiber, ash, starch and anthocyanin content. The data were projected into first and second principal components (PC1 and PC2) to illustrate intra-and inter-landrace variation.
RESULTS
The mean grain yield of all accessions across all locations and years was low (2.11 Mg ha -1
) and yields of all southwestern accessions, except Hopi Blue, were comparable to the selected OPVs (Table 1) . Yields of Ohio Blue, an OPV assumed to be un-adapted to the Southwest, were equal to those of the locally adapted southwestern accessions. In 2012, the main effect for accessions was statistically significant, and locations by accession interaction effects were
Field Evaluations
The OPVs were planted at New Mexico State Univ. Agricultural Science Centers in different regions of New Mexico. In 2012, three locations were selected: Las Cruces ( . All field plots were irrigated as needed by surface (furrow) irrigation except at Farmington where a center pivot irrigation system was used. Weed control was afforded by mechanical cultivation until canopy cover, after which plots were hand-hoed as needed. All plants within a 3 m subplot (not including end-plants) were hand-harvested. A replicated randomized complete block design was used at all locations. In 2012, two replications were used at Los Lunas and Alcalde and three replications were used at Las Cruces. In 2013, three replications were used at all locations. Yield data were not obtained from Alcalde in 2012 because of bird damage.
Analysis of Pre-and Post-Harvest Phenotypic Traits
Plant and ear height measurements were determined at the Las Cruces location only. Days to 50% silking, anthesis, and the anthesis to silk interval were determined in 2013. Ear traits were evaluated from all 2012 and 2013 locations. Whole ears (with husk leaves attached) were dried using forced ambient air until grain reached 12 to 15% moisture content. Dehusked ears were hand-shelled in 2012; in 2013, they were shelled using a mechanical single-ear sheller (model SCS-2; Agriculex, Guelph, Canada).
Kernel Compositional Analysis
Kernel samples for laboratory analysis were prepared by bulking 100 representative kernels of each accession, from each replicate plot, at each location planted in 2013. Milling was done with a micro hammer cutter mill/Polymix (Glen Mills, Inc., Clifton, NJ) and a 0.5-mm screen. Each sample was milled for approximately one minute (Ryu et al., 2013) . All milled samples were also significant. In 2013, no significant interactions were seen between accessions and locations (Table 2) . Significant interaction between accessions by year and accessions by year by location suggests that the grain yield performance of these landraces varied depending on the specific test environment. As anticipated, the lowest grain yields were observed at the Las Cruces location, which is managed as a low fertility site.
More variation for DTA was observed than for DTS. An average of 54.2 DTA and 63.8 DTS was reported with an average 9.7 d of ASI for all entries (Table 3 ). All accessions were prolific to some extent (range 1.6 to 2.6 ears plant -1 ) and most accessions displayed ear height at or slightly below mid-plant height (average primary ear height of 69.9 cm and 154.3 cm plant height across all accessions). Considerable variation for plant height was ** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level. among accessions. Across both years, the number of ears, ear height, and plant height were significantly different among accessions and also showed significant interaction between accession and year (Table 5) . When averaged across all environments, oil was 6.3% (on a dry wt. basis), protein was 12.3%, starch was 61.0%, total fatty acid was 6.1%, crude fiber was 1.8%, ash was 1.7%, and anthocyanins were 452 mg kg -1 (Table 6 ). Most notable was the high oil content of all southwestern accessions, except Flor del Rio. Oil and total fatty acid contents of Santa Clara Blue and Hopi Blue were highest, and of Flor del Rio and Ohio Blue, were lowest. The highest oil and protein contents were observed in Los Lunas and least amounts at Farmington and Alcalde, respectively. Starch content was higher in Las Cruces and least in Farmington. Crude fiber was fairly similar at all locations and total fatty acids and anthocyanins were highest in Los Lunas and least in Farmington. Santa Clara Blue was highest for crude fiber, ash and anthocyanins whereas Hopi Blue displayed the lowest level of crude fiber and Flor del Rio displayed the lowest levels of ash and anthocyanins. The accessions displayed significant differences for all kernel biochemical components, except starch content (Table 7) .
observed. During both years of study, Hopi Blue and Yoeme Blue had the lowest, and Santa Clara Blue the tallest, average plant height, with a difference of over 70 cm.
All post-harvest ear traits: number of kernel rows per ear; number of kernels per row and 100-kernel weight were evaluated at three locations in 2012 and at four locations in 2013. Across all locations and years, the average 100-kernel weight was 25.8 g; ears averaged 33.3 kernels row -1 and 14.3 rows ear -1 (Table 3) . Navajo Blue displayed the highest and Santa Clara the lowest 100-kernel weight. The maximum kernels per row were observed in Taos Blue and the lowest in Flor del Rio. Ohio Blue and Navajo Blue had the highest and lowest number of kernel rows, respectively. The average number of kernel rows was similar across locations whereas the number of kernels per row and the 100-kernel weight were variable across locations. During 2012, only number of kernels and 100-kernel weight showed significant interaction between accession and location whereas during 2013, accessions and locations were significant for all yield components, but no interaction was seen between accession and location (Table 4) . In years 2012 and 2013, the number of ears, ear height, plant height, DTA, DTS, and ASI were statistically different ** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. ** Significant at the 0.01 probability level.
-------------------------------------------% dry wt. -------------------------------------------
*** Significant at the 0.001 probability level.
Locations were statistically different for protein, starch, ash and anthocyanins. Across all environments, significant interactions between accession and location were reported for all traits except protein and starch (Table 7) . Essential amino acids methionine and lysine, and the conditionally essential amino acid cysteine, were the least abundant amino acids (data not presented for other amino acids) and only methionine showed much variation across accessions (Table 8) . The relationship between different biochemical compositions was examined by comparing the ratios between individual amino acids cysteine, methionine with lysine, with protein (Table 8 ). These ratios also did not show much variability among different accessions.
Variability generated by the different categorical descriptors of the populations (agronomic and kernel compositional trait groups) was explained by a total of eight principle components following PCA. The PCA biplot for agronomic and kernel compositional traits can be seen in Figures 2 and 3 , respectively. Approximately 67 and 93% of the total variation was contributed by principal components 1 (PC1) and 2 (PC2) for agronomic and kernel compositional traits, respectively. The variation contributed by 100-kernel weight, ears per pant, plant height, ear height and ASI were the primary contributors to PC1 variability, whereas flowering traits (DTA and DTS) and kernel rows per ear contributed to the variability of PC2. No distinct groups of landraces were seen for the agronomic traits category. Kernel compositional traits total fatty acids, crude fiber, essential amino acids (cysteine, lysine and methionine), oil, protein and starch all contributed to the variability of PC1, and only anthocyanin contributed variability to PC2. In comparison to agronomic traits, kernel compositional traits displayed more variability, although no clearly distinct groups were observed.
DISCUSSION
We conducted research with blue maize accessions in different geographical areas of NM that are representative of different growing regions in the southwestern United States. Observed yields were consistent with those reported in other studies using similar management practices (Adams et al., 2006; Werth, 2007) . The selected OPVs Los Lunas High and Ohio Blue offered no demonstrative advantages over the majority of the southwestern landraces. Higher yields appeared to be associated with high-altitude (cooler) sites; however, lower yields at the low altitude site (Las Cruces), perhaps attributable to heat stress, might also have been associated with low soil fertility. Muenchrath et al. (2002) studied open-pollinated "folk cultivars" at four different locations on the Zuni Indian Reservation (Pueblo of Zuni) in NM and reported a mean grain yield of 0.57 Mg ha -1 in a traditional rainwater cultivation system. Our management practices represented a compromise between traditional systems characterized by low inputs and plant population densities, and high input-high density production systems. Kutka (2011) reported that OPVs could yield >2 Mg ha -1 and various studies suggested that under optimal growing conditions high yielding OPVs can yield >4.4 Mg ha -1 (Belsito, 2004; Kutka et al., 2004) . Not surprisingly, our field experiments resulted in yields that were higher than those in the Muenchrath et al. (2002) study, but lower than those reported by Belsito (2004) and Kutka (2011) . The results of our study suggest that diverse types of blue maize can be grown in the Southwest, but selection for improved yield and greater uniformity would enhance opportunities for commercial development. Consideration might also be given to development of a hybrid blue maize breeding program to achieve increased yield and suitability for mechanical harvest.
Plant height varied considerably among the accessions. Our results showed Santa Clara Blue as the tallest population with an average height of 178 cm and Hopi Blue as the shortest at 112 cm. Adams et al. (2006) and Soleri and Smith (1995) reported plant height in the range 118 to 137 cm for different accessions of Hopi Blue maize. Hopi Blue from our study was similar to the shortest accessions in their findings. All southwestern accessions displayed prolificacy. Primary ear height tended to be slightly below Table 8 . Mean values and ratios between essential amino acids (cysteine, methionine, and lysine) of southwestern blue maize evaluated in 2013. Data were collected from Las Cruces, Los Lunas, Alcalde, and Farmington, New Mexico.
Accession
Cysteine Methionine Lysine
Cysteine/protein ratio Methionine/protein ratio Lysine/protein ratio mid-plant height. These findings were consistent with the results of Adams et al. (2006) . Across all locations, the grand mean for 100-kernel weight in 2012 and 2013 was reported at 25.9 and 25.0 g, respectively. In our study, the average range for 2012 and 2013 was 21.1 to 33.1 g and 21.4 to 30 g, respectively, demonstrating the anticipated variation associated with variable kernel types. Werth (2007) reported the 100-kernel weights for Navajo Blue, Yoeme Blue, and Flor del Rio to be 26.4, 23.9, and 20.4 g, respectively, and our results have shown similar, but proportionally higher, 100-kernel weights of 31.8, 26.1, and 22.7 g, respectively. Comprehensive studies of diverse southwestern landraces showed similar results for kernels per row (Werth, 2007 and Adams et al., 2006) . Variation for kernel size, row number, and kernels/ear might be useful in the selection of male and female inbred seed parents if hybrid development is pursued as a breeding objective.
Morphological traits used in our study have also been used to examine races of southwestern maize. Our observations of these traits are consistent with the classifications assigned by Native Seeds/SEARCH to the landraces provided for this study, with the exception of Flor del Rio, which appears to be an admixture of multiple kernel types and not popcorn per se (Werth, 2007; Ryu et al., 2013) . Yoeme Blue is representative of Pima-Papago race and Hopi Blue belongs to the 12-row Southwestern/ Hopi race (Werth, 2007; Ryu et al., 2013) . Navajo Blue, Santa Clara Blue, Los Lunas High and Taos Blue have not been classified into any specific racial group although their phenotypes are generally consistent with the descriptors ascribed to Puebloan maize (Carter and Anderson, 1945; Doebley et al., 1983) . Those authors considered Puebloan maize to likely be an admixture of different races. The presence of multiple races may facilitate the identification of heterotic groups suitable for development of hybrid maize varieties.
Most of the kernel compositional trait values were significantly higher than those of the selected OPVs. Two landraces, Santa Clara Blue and Taos Blue, were each identified as higher for several compositional traits. The protein and oil contents of the southwestern maize accessions, except Flor del Rio, were higher than those of Ohio Blue. Flint-Garcia et al. (2009) showed that many maize landraces were higher in protein and oil than modern inbreds. Protein and oil values of landraces thus would appear to be higher than those reported for Corn Belt hybrids in multiple studies (Watson, 2003; Belyea et al., 2004; Dudley et al., 2007; Jaradat and Goldstein, 2013) and quality protein maize hybrids (Zarkadas et al., 2000) . The crude fiber and ash content were reported to be lower in blue maize compared to yellow dent maize (Wu et al., 2006) . In comparison with blue maize, commercial hybrids and modern varieties were reported to be higher in starch (Ridley et al., 2002; Scott and Blanco, 2009) , which is consistent with the intense selection for higher grain yield in commercial hybrids. Kernel color is dependent on anthocyanin amount and several studies have shown that red and purple pigmented kernels are lower in anthocyanin content than blue kernels (LopezMartinez et al., 2009; Zhao et al., 2009; Ryu et al., 2013; Collison et al., 2015) . The lower anthocyanin content of red and purple vs. blue Flor del Rio kernels is consistent with those studies. Galinat (1977) considered (floury) varieties native to the Southwest and arid regions of Latin America to contain the fl1 gene. Zarkadas (1997) reported that a Great Lakes regional landrace variety of floury maize displayed amino acid profiles similar to those of an fl2 genotype. It displayed slightly elevated lysine values, and twofold higher methionine levels, when compared to a northern flint inbred. The lysine content in fl1 mutants and wild-type maize is usually about 2%, and reaches approximately 4% of total protein, in fl2 and o2 mutants (Weizmann, 1998) . Azevedo et al. (2003) also showed fl2 and o2 mutants to be higher in lysine content (3.8% of total protein) than fl1, and fl1 to be most similar to, wild-type maize (1.9 vs. 1.5% of total protein, respectively). Levels of lysine from our study were somewhat higher than those of fl1 genotypes reported in the above studies; however, the majority of floury OPV lysine values were only about 10% higher those of the dent or flint OPVs we examined. Lysine levels of floury Peruvian maize landraces were also shown to have lysine levels that did not differ from ordinary corns (Alexander and Elmore, 1968) . Methionine levels of the OPVs tested in our study were similar to the values reported by Phillips et al. (2008) for high-methionine Corn Belt Dent maize inbreds (2.25 to 3.45 g kg -1
). Methionine levels in floury maize examined by Zarkadas (1997) were higher than those of fl2 genotype and twofold higher than those observed in wild-type flint maize. Three floury accessions in our study showed methionine levels that were approximately 10% higher than those of the dent and flint OPVs. These values appear most similar to those reported for the fl1 genotype. Further research will be necessary to confirm if the genetic basis for the floury phenotype of southwestern blue maize endosperm is similar to that of known floury mutations. Doebley et al. (1983) conducted principal coordinate analysis of 45 accessions of maize landraces from the Southwest using isozyme analysis of 12 enzyme systems encoded by 22 loci. The authors concluded that no distinct clusters existed among the accessions due to significant overlap among the diverse landraces chosen to reflect all major linguistic and cultural groups of Native Americans in the Southwest. We also observed a high degree of overlap between all landraces and the selected OPVs following PCA for both agronomic and kernel compositional traits. These results are consistent with the prior descriptions of heterogeneity for morphological traits and supposition that the majority of landraces representing the Native American Pueblos in northern Arizona and New Mexico are interracial admixtures (Anderson and Cutler, 1942; Doebley et al., 1983) . We also note that Hopi Blue appeared to be the most variable landrace for agronomic traits. Expression of agronomic traits in Ohio Blue and Navajo Blue was less variable. Ohio Blue is a selected variety so this is not surprising. The reduced variation exhibited by Navajo Blue may also be associated with the fact that it is commercially available, and may have been subjected to selection for uniformity. Santa Clara Blue showed considerable variation for kernel compositional traits.
CONCLUSIONS
A representative sample of accessions of southwestern blue maize OPVs displayed considerable variation for agronomic traits and modest variation for kernel compositional traits. Multivariate analysis of agronomic and kernel compositional traits showed considerable heterogeneity within most southwestern landraces, and considerable overlap among the accessions. Yields of the majority of the accessions did not differ from those of two selected OPVs. The majority of southwestern landraces displayed elevated oil content in comparison to Corn Belt Dent open-pollinated blue maize. Anthocyanin levels in blue maize were higher than those in reddish purple maize. Nutritional and health benefits may accrue from retention, or reincorporation, of these pigmented landraces into the diet (Notah Begay III Foundation, 2015) . Suitability for traditional dishes, combined with the opportunity to save seed from OPVs, also provides additional incentives to encourage their continued cultivation. This research establishes a benchmark for further characterization and utilization of diverse southwestern blue maize landraces. Directed breeding efforts will be required to raise grain yields to levels needed for commercial production.
We would like to acknowledge the kind assistance of Dr. Steve Guldan of the Alcalde Sustainable Agriculture Research Center, Dr. Kevin Lombard of the Farmington Agricultural Science Center, Mr. Anthony Aranda and the field staff of the Agricultural Science Centers and at the Fabian Garcia Science Center for their contributions to the research conducted at their respective research centers. We thank Dr. Robert Steiner for his assistance with statistical analyses. We are also grateful to Dr. Ian Ray for providing constructive suggestions on a draft of the manuscript. We also thank Dr. F. Omar Holguin for valuable assistance with anthocyanin assays and multivariate analysis.
